Introduction
============

Alzheimer\'s disease is the main cause of dementia in the elderly. More than 30 million people are affected worldwide. Additionally, because the main risk factor for AD is age, the number of AD patients is rapidly growing with increased life expectancy. Current AD medications ameliorate the symptoms either by maintaining and enhancing the cholinergic signaling system in the brain \[[@b1]\] or by lowering excitotoxicity by antagonizing the NMDA receptor \[[@b2]\]. However, no disease-modifying treatment targeting the well-characterized pathologies of AD, amyloid beta (Aβ) plaque, and tau-containing neurofibrillary tangles (NFT), are yet available, though intensive research in this direction is ongoing.

The AD brain manifests increased levels of the aggregation-prone Aβ peptide. This increase in Aβ gives rise to intraneuronal Aβ accumulation already in early stage AD, the extent of which is influenced by the AD risk factor allele ApoE4, and later leads to the formation of extracellular Aβ plaques \[[@b3]--[@b8]\]. Aβ is generated from Aβ precursor protein (APP) through proteolytic cleavage by β- and γ-secretase, and is secreted at the PM \[[@b9]\]. In addition to Aβ, hyperphosphorylated microtubule-associated tau protein aggregates intracellularly into the NFTs. The extent of NFT formation clinically correlates with the cognitive dysfunction of AD to a greater degree than does Aβ plaque load \[[@b10]\]. On the other hand, the mutations identified in APP and γ-secretase-associated presenilin 1 and 2, which cause aggressive early onset familial AD (FAD), strongly link Aβ to AD \[[@b11]\]. Although these FAD-linked mutations account for only a small percentage of all AD cases, they severely affect Aβ metabolism, which leads to increased levels of Aβ, especially the hydrophobic Aβ42 and Aβ43 \[[@b12]\]. This strong causative relationship between Aβ and AD has led to the amyloid cascade hypothesis, which predicts that Aβ accumulation precedes the NFT formation that causes the cognitive dysfunction observed in AD \[[@b13]\]. However, the mechanistic link between Aβ and NFTs has not yet been fully clarified. It also remains to be completely resolved how these two pathologies -- separately or together -- induce the dramatic synaptic loss and neurodegeneration that occurs in AD brains.

In addition to the long known Aβ plaques and NFTs, there is increased attention on autophagy and its role in AD development. Autophagy is an important clearance system for cellular waste, including toxic protein aggregates. Autophagy is impaired in AD as shown by the accumulation of autophagosomes in the dystrophic neurites \[[@b14]\]. Moreover, autophagy has been implicated in Aβ metabolism and is therefore a potential therapeutic target in AD treatment. Unexpectedly, we recently found that autophagy, in addition to its well-established degradative function, mediates the secretion of Aβ into the extracellular space \[[@b15]\]. Autophagy therefore directly influences and contributes to extracellular Aβ plaque formation. This finding creates a new perspective on the role of autophagy in AD and Aβ metabolism, which should be considered during the design of AD therapeutics targeting autophagy. Here, we summarize the role of autophagy in AD with special focus on Aβ metabolism, and discuss the implication of the recently established function of autophagy in Aβ secretion in relation to previous findings on autophagy-mediated secretion.

Autophagy is impaired in Alzheimer\'s disease
=============================================

Autophagy regulates protein homeostasis in the cell, in parallel and sometimes in concert with the proteasome \[[@b16]\]. Hence, autophagy plays a vital role in cellular quality control. Autophagy maintains the cell by degrading cellular waste, which in turn generates free amino acids that are used for the synthesis of novel proteins. Waste material in the cytoplasm that is degraded by autophagy includes dysfunctional organelles, e.g. depolarized mitochondria and potentially toxic protein aggregates, including those exceeding the size limitation for proteasome-mediated degradation. The balance between proteasome- and autophagy-mediated degradation and protein synthesis is greatly influenced by physiological conditions. For example, initiation of autophagy is tightly controlled by network signaling that responds not only to starvation but also different nutrients, hypoxia, and reactive oxygen species (ROS) \[[@b17], [@b18]\].

The autophagic process
----------------------

One of the main signaling pathways that control autophagy is the mTOR1 complex (TOR1C) \[[@b19]\]. Inhibition of TOR1C initiates autophagy by activating a cascade of phosphorylation events, which leads to the formation of a cup shaped membrane -- termed the "isolation membrane" -- in the vicinity of the targets termed the "phagosome assembly site" (PAS) ([Fig. 1](#fig01){ref-type="fig"}). The membrane source of the autophagosome is still debated, but it may include the endoplasmatic reticulum (ER), mitochondria, the PM, and Golgi \[[@b20]\]; and the contact site between ER and mitochondria may serve as the PAS \[[@b21]\]. One of the key reactions following the formation of the isolation membrane is the conjugation of Atg5 to Atg12. These two factors (of 36 that have been identified so far) belong to the autophagy (Atg) protein family \[[@b22]\]. Atg5-Atg12 conjugation is mediated by Atg7, which upon interaction with LC3, closes the autophagosome and thereby sequesters the substrate inside the double membrane autophagosome \[[@b23]\]. The autophagosomes move by kinesin-mediated transport along the microtubules, and their content is subsequently degraded upon fusion of the autophagosome with a lysosome to form an autolysosome ([Fig. 1](#fig01){ref-type="fig"}) \[[@b24]\]. Alternatively, the autophagosome may also fuse with a late endosome/multivesicular body (MVB) to form an amphisome on the route toward final lysosomal degradation, thereby linking the endosomal, autophagosomal, and lysosomal systems ([Fig. 1](#fig01){ref-type="fig"}) \[[@b25]\]. Autophagy -- which is evolutionarily conserved from yeast to mammals -- was initially regarded as a bulk degradation system, but it is now evident that different forms of autophagy exist, which utilize distinct mechanisms, i.e. macroautophagy (herein referred to simply as autophagy), microautophagy and chaperone-mediated autophagy \[[@b26]\].

![Schematic overview of the general autophagy pathways. Autophagy is initiated at the phagosome assembly site (PAS). Upon elongation of the membrane, which involves Atg5, Atg7, Atg12, and LC3 among others, the selected cargo is enclosed in a double membrane vesicle termed the autophagosome. Depending on the path, the autophagosome can either fuse with a lysosome to form an autolysosome, or with an endosome/MVB to generate an amphisome. The mechanistic details of the balance between degradation and secretion remain to be clarified. PAS, phagosome assembly site; MVB, multivesicular body.](bies0036-0570-f1){#fig01}

Autophagy is important for brain function
-----------------------------------------

Autophagy is crucial for the physiological regulation of the cell, e.g. to assure sufficient levels of amino acids, to supply energy but also plays a central role in pathological states such as infection, inflammation, cancer, and neurodegenerative diseases \[[@b27]--[@b30]\]. In the brain, neurons with complex axonal and dendritic structures are dependent on intense transport and efficient proteostasis to accommodate a dynamic microenvironment during both brain development and aging. This is orchestrated to a large extent by autophagy; measurements have revealed a highly efficient autophagic turnover in neurons \[[@b31]\]. The neuronal dependence on autophagy is further highlighted by the neurodegeneration, including axonal loss and cell death that occurs in the absence of autophagy \[[@b32]--[@b35]\]. Hence, well-functioning autophagy is a requirement for a healthy brain. Neurodegenerative diseases, including AD, Parkinson\'s, Huntington\'s, and amyotrophic lateral sclerosis (ALS) are all disorders of pathological depositions of potentially toxic protein aggregates and they display impaired autophagy \[[@b27]\].

Autophagy is impaired in AD
---------------------------

In AD, the presence of both key pathologies (Aβ plaques and NFTs) is a prerequisite for disease penetrance. However, the AD brain also exhibits dystrophic neurites, which are not found in healthy brains. These neurites are swollen axons, which exhibit aggregated phosphorylated tau and Aβ, and electron microscopy studies have identified an accumulation of autophagosomes in different stages \[[@b14]\]. This pathology clearly shows that the autophagic system is disturbed in AD. The accumulation of autophagosomes may be due to either increased induction of autophagy or decreased lysosomal clearance or a combination thereof. Indeed inhibition of lysosomal proteolysis in cultured neurons causes an AD-like accumulation of autophagosomes and axonal dystrophy, indicating that impaired lysosomal activity may cause the autophagosomal accumulation \[[@b36]\]. This hypothesis is further supported by the observation that the lysosomal hydrolases are increased and abnormally distributed in AD brains, which indicate compromised lysosomes \[[@b37]\]. The same impairment is also observed in AD mouse models and may be caused by an overloaded lysosome system \[[@b38]\]. Importantly, FAD-linked mutations in PS1 disrupt lysosomal proteolysis by impairing the acidification of the lysosome \[[@b39]\]. In addition, the autophagy-initiating Beclin 1 protein is reduced in early AD, which indicates that initiation of autophagy is decreased in AD \[[@b40]\]. However, transcriptional data indicate an upregulation of autophagy-activating factors in AD brains \[[@b17]\], implying increased autophagic activity. These slightly contradictory results may reflect a compensatory effect at the transcriptional level induced by impaired proteostasis, or that the level of autophagy initiation varies with disease progression. Further studies are required to clarify the level of autophagic activity during the different stages of AD.

Secretion of proteins by autophagy
==================================

Autophagy has been known for more than 50 years and its degradative function has been extensively studied. However, only recently has a role for autophagy in the transport and secretion of biomolecules emerged. These recent studies revealed that autophagy contributes to both conventional and unconventional protein secretion (UPS). Below, we briefly summarize the latest findings on the role of autophagy in protein secretion. For a detailed description, we refer the reader to some excellent recent reviews on the topic \[[@b41]--[@b44]\]. It should be noted that the terminology "secretion" has been used in the description of the different autophagy-mediated pathways that lead to the release of proteins to the extracellular space. However, some of these pathways may also include excretory mechanisms that transport cellular waste out of the cell, which are likely distinct from the regulated secretion of proteins with a biological function, see Table [1](#tbl1){ref-type="table"}.

###### 

Potential Aβ secretory and excretory pathways influenced by autophagy

  Pathway (origin of route)             Mechanism
  ------------------------------------- ---------------------
  Conventional constitutive (Golgi)     Secretory
  Conventional constitutive (TASCC)     Secretory/excretory
  Regulated (lysosome, endosome/MVBs)   Secretory
  UPS (omegasome)                       Secretory/excretory

Autophagy plays a role in UPS
-----------------------------

Proteins to be secreted via the conventional secretory pathway are routed to the ER after their translation and transported through the Golgi-network toward the PM where the proteins are secreted into the extracellular space. However, this mode of trafficking is dependent on the presence of a signal peptide (SP) sequence within the protein, which correctly directs the protein to its destination. Nevertheless, a number of non-SP-containing proteins and peptides are present in the extracellular space, hence indicating the existence of alternative secretory pathways.

Recently, it has been shown that the secretion of several leaderless proteins lacking a SP is mediated by autophagy via a pathway that is independent of conventional secretion, and which is sometimes referred to as autosecretion. One such example is the secretion of acyl-coenzyme A-binding protein (Acb1 in yeast, ACBP in mammals), which is a 10 kDa cytoplasmic protein lacking a SP. The secretion of Acb1 is dependent on several Atg proteins, including Atg1, Atg6, and Atg8, and it is induced upon starvation or induction of autophagy by rapamycin \[[@b45], [@b46]\]. UPS involves the formation of an omegasome, a membranous structure found on the ER, which may possibly be related to the compartment for UPS (CUPS) in yeast \[[@b47]\]. Although the mechanistic details remain to be further investigated, the formation of the omegasome shares some of the factors required for the formation of PAS. Further investigation of the secretory pathway of Acb1 revealed that it relies on the Golgi reassembly and stacking protein (GRASP), whose function was initially ascribed to the Golgi cisternae, and which potentially associates the Golgi to the UPS \[[@b46]\]. Interestingly, Acb1 secretion is also dependent on factors required for the fusion of autophagosomes with endosomes and formation of MVBs \[[@b47]\]. This indicates that the UPS pathway involves the fusion of the autophagic vacuole with late endosome/MVBs to form an amphisome on its route toward the PM. It remains to be resolved whether the released Acb1 is contained within an exosome (exophagy) that disrupts extracellularly, or whether it is directly released as a free protein into the extracellular space. In a similar way, α-synuclein is secreted by UPS, mediated by the amphisome via exophagy \[[@b48]\]. Yet another protein lacking an SP and that is secreted -- at least to some extent -- by UPS is interleukin-1β (IL-1β) \[[@b49]\].

Autophagy-mediated non-secretory transport of membrane proteins
---------------------------------------------------------------

Not only cytoplasmic proteins but also integral membrane proteins (though not secreted) are transported to the PM by autophagy. One such example is the cystic fibrosis transmembrane conductance regulator (CFTR), an ion channel that causes cystic fibrosis when mutated \[[@b50]\]. In a detailed analysis, it was found that blocking the conventional ER-Golgi-PM secretory pathway enhanced the transport of CFTR in a GRASP55-dependent manner. Notably, autophagy-mediated trafficking of CFTR leads to the correct insertion of the protein into the PM, and strikingly, transgene expression in mice of GRASP rescues the phenotype of the mutant ΔF508-CFTR mice \[[@b50]\].

Autophagy interferes with conventional constitutive secretion
-------------------------------------------------------------

In addition to a role for autophagy in UPS, autophagy also intersects with the conventional secretory pathway, as exemplified by the transport of IL-6 and IL-8 to the extracellular space. The role of autophagy in the secretion of IL-6 and IL-8 starts with a structure termed TOR-autophagy spatial coupling compartment (TASCC), which is located closely to the Golgi apparatus \[[@b51]\]. This type of secretion is sensitive to brefeldin A, which suggests a close interaction with the conventional ER-Golgi-PM secretory pathway. TASCC resembles the lysosome in that it contains degrading organelles positive for the autophagy adaptor protein p62. By largely unknown mechanisms, this autophagic structure selectively mediates the degradation of certain cargoes while others remain intact and get secreted.

Autophagy mediates regulated secretion from lysosomes
-----------------------------------------------------

In yet another pathway, autophagy contributes to the secretion of proteins stored in secretory lysosomes, so called regulated secretion. Several proteins from a wide range of cell types are secreted from secretory lysosomes or granules by autophagy. These proteins include antimicrobial peptides from Paneth cells in Crohn\'s disease in which single nucleotide polymorphisms in Atg16L1 is a risk factor \[[@b52], [@b53]\]; insulin from pancreatic cells \[[@b54]\]; cathepsin K from osteoclasts in bone resorption \[[@b55]\]; and von Willebrand factor from endothelial cells \[[@b56]\]. The mechanisms behind autophagy-mediated regulated secretion are little known and need further investigation. A key question again is how certain proteins can escape lysosomal proteolysis for secretion while others are degraded. In summary, a growing number of proteins are secreted by autophagy-related mechanisms through at least three different pathways (constitutive, unconventional, and regulated secretion). One crucial aspect of autophagy-mediated secretion to be elucidated is whether the pathways are dependent on the whole autophagy machinery, including the autophagosome, or if the secretory pathways share a restricted number of factors with degradative autophagy.

Autophagy participates in Aβ metabolism
---------------------------------------

Increased levels of Aβ leading to the accumulation and aggregation of Aβ into plaques, is one of the most extensively studied pathologies in AD. In autosomal dominant FAD, the overproduction of Aβ -- especially the highly aggregation-prone Aβ42 and Aβ43 -- is due to mutations in APP, PS1, or PS2. In addition, around 20 other risk genes associated with AD with diverse functions in the immune system, synaptic activity, and endocytosis have been identified by meta-analysis \[[@b57], [@b58]\]. However, the associated risk of each of these loci is relatively low, hence indicating a complex genetic background in sporadic AD (SAD). In SAD, which corresponds to up to 98% of all AD cases, increased Aβ levels may be caused by decreased catabolism of Aβ. In fact, levels of one of the major Aβ degrading enzymes, neprilysin, decline with age and may contribute to increased Aβ levels in SAD \[[@b59]\].

In addition to the classical AD pathologies Aβ plaques and NFTs, a pronounced accumulation of autophagosomes occurs in the dystrophic neurites within the AD brain, suggesting a dysregulated or impaired autophagic system \[[@b14]\]. Significantly, the autophagosomes contain the Aβ-generating γ-secretase component PS1 along with Aβ, indicating that autophagy plays a role in Aβ metabolism \[[@b60]\]. In addition, the adaptor complex AP2/PICALM has been identified as an autophagic cargo receptor that concomitantly interacts with APP-CTF and LC3. This interaction directly recruits APP-CTF from endosomes to autophagosomes, where it can be further processed to Aβ \[[@b61]\]. The close association of autophagy with Aβ has led to a number of studies aimed at elucidating the precise role of autophagy in Aβ metabolism. Various experimental approaches to manipulating autophagy have been applied, including pharmacological and genetical means. Pharmacological inhibition of mTor signaling by rapamycin or other activators of autophagy \[[@b62]--[@b64]\] induces autophagy, which clears intracellular Aβ accumulation, reduces extracellular Aβ plaque load, and improves cognitive function in 3 × Tg and PDAPP AD mouse models \[[@b65]--[@b67]\]. Furthermore, genetic deletion of the endogenous cathepsin D inhibitor, cystatin B, in TgCRND8 mice rescues autophagic-lysosomal dysfunction and decreases Aβ levels \[[@b38]\]. In contrast, heterozygous deletion of autophagy-initiating Beclin 1 increases intracellular and extracellular Aβ depositions \[[@b40]\]. Mouse models of lysosomal storage disorders that mimic impaired end stage autophagic lysosomal clearance accumulate autophagosomes, as determined by LC3 metabolism, and manifest increased APP-CTF and Aβ levels \[[@b68]\]. In addition to starvation, autophagy is also induced by oxidative stress or proteasome inhibition, which increases the generation and lysosomal accumulation of Aβ \[[@b69]--[@b71]\]. These studies together imply autophagy in Aβ metabolism. Considering that autophagy is dysregulated in AD it is possible that autophagy impairment contributes to the Aβ pathology of AD.

Autophagy influences Aβ secretion
=================================

Genetic deletion of autophagy inhibits extracellular delivery of Aβ
-------------------------------------------------------------------

As summarized above, results from both in vitro and in vivo experiments have implicated autophagy in Aβ metabolism. However, the effects on Aβ metabolism of genetic ablation of autophagy in a mouse model of AD had not been investigated. Therefore, we created an autophagy-deficient APP transgenic mouse by conditionally knocking down Atg7 in excitatory neurons in the mouse forebrain \[[@b15]\]. Remarkably -- and contrary to our expectations -- taking the degradative function of autophagy into account, the autophagy-deficient mouse exhibited drastically reduced Aβ plaque load ([Fig. 2](#fig02){ref-type="fig"}A). Consistent with these results, Aβ ELISA measurements revealed significantly decreased Aβ levels ([Fig. 2](#fig02){ref-type="fig"}B). After thoroughly investigating the properties of the mutant mice, we found that autophagy-deficiency induced intracellular Aβ accumulation prior to Aβ plaque formation. Similar intracellular Aβ accumulation is observed in AD brain and appears prior to extracellular plaque formation \[[@b72]--[@b74]\]. The intracellular Aβ accumulation induced by deficiency of autophagy, which is subsequently followed by a reduced extracellular Aβ plaque load, indicated that the neuronal lack of autophagy impairs Aβ secretion. Indeed, measurement of Aβ release from primary neurons derived from autophagy-deficient mice revealed that the secretion was reduced by 90%; supplementing the neurons with lentivirus-expressed Atg7 restored Aβ secretion levels back to normal. In an additional approach, we treated primary neurons from wildtype mice with pharmacological compounds that either enhanced or inhibited autophagy. Exposing the neurons to rapamycin, an inhibitor of mTor, increased autophagy and induced Aβ secretion. Conversely, inhibition of autophagy by spautin-1, which inhibits the deubiquitinating enzymes USP10/13 and promotes VPS34 PI 3-kinase complex degradation, decreased Aβ secretion. Similarly, inhibiting microtubule-dependent transport of autophagy by vinblastine significantly decreased Aβ secretion. Furthermore, tracing Aβ in the autophagy-deficient neurons by immunofluorescence revealed a build-up of Aβ in the perinuclear region of the neuron, which supports the notion that transport of Aβ inside the cell is affected by the lack of autophagy. These data show that autophagy influences the release of Aβ to the extracellular space. Moreover, the decreased total Aβ levels, as determined by ELISA measurements, support previous findings that Aβ is generated in the autophagosomes ([Fig. 2](#fig02){ref-type="fig"}B) \[[@b60]\].

![Autophagy mediates the secretion of Aβ in a mouse model of Alzheimer\'s disease and contributes to extracellular Aβ plaque formation. A: Aβ plaque staining of 15-month-old Atg7*^flox/flox^* × APP and Atg7*^flox/flox^*; CamKII-*Cre* × APP mouse brain. The fluorescence intensities were quantified. Note the drastic decrease in Aβ plaque load upon deletion of Atg7. B: Aβ ELISA measurement of brain homogenate of hippocampus and cortex of 15-month-old Atg7*^flox/flox^* × APP and Atg7*^flox/flox^*; CamKII-*Cre* × APP mice. \**p* \< 0.01 \*\**p* \< 0.05. TS and GS denote tris-soluble and guanidine-HCl-soluble, respectively. Scale bar represents 500 µm.](bies0036-0570-f2){#fig02}

Classical secretory routes of Aβ involve constitutive secretion and release from endosomes
------------------------------------------------------------------------------------------

In addition to a potential autophagosomal source of Aβ \[[@b60]\], Aβ is generally believed to be produced and secreted by two major pathways: (i) translated APP is translocated to the ER and further to Golgi, where APP is processed by β- and γ-secretase within the Golgi-apparatus and post-Golgi vesicles, which subsequently deliver Aβ to the PM for extracellular release; (ii) alternatively, APP located at the PM is endocytozed, and Aβ is generated within the endosomes, which bring Aβ to the PM for secretion upon fusion of the endosome with the PM. However, the contribution of each of these two pathways to total Aβ generation is a subject of debate. One important aspect of Aβ generation is the requirement of an acidic environment for β-secretase, which is fulfilled in both the post-Golgi vesicles and the endosomes. Indeed, the presence of Aβ has been experimentally verified in both Golgi and endosomes, where Aβ is known to accumulate in AD brains \[[@b73], [@b75], [@b76]\]. Aβ has also been found in MVBs \[[@b77], [@b78]\] where Aβ impairs the multivesicular sorting system, which causes abnormal synaptic morphology \[[@b77], [@b79]\]. In addition, the MVBs may also fuse with late endosomes during vesicle sorting.

What is the pathway of autophagy-mediated extracellular delivery of Aβ?
-----------------------------------------------------------------------

The interference of autophagy with Aβ metabolism is thought to occur within the endosomal-lysosomal network that destines Aβ for lysosomal degradation. However, our recent finding that autophagy influences Aβ secretion indicates alternative fates of Aβ in the cell. This finding raises several questions: (i) does the autophagy-mediated delivery of Aβ to the extracellular space follow a regulated secretory pathway or is it a secondary effect linked to the excretion of cellular waste, (ii) is the autophagosome solely responsible for the delivery of Aβ to the PM or does the secretion involve other cellular compartments, (iii) does autophagy-mediated Aβ secretion interfere with the classical Aβ secretory routes or is it an independent pathway (see below), (iv) what determines whether autophagy transports Aβ for degradation versus secretion? Degradative autophagy and secretory autophagy may either share common molecular determinants and may not diverge until the late stage, or the pathways may be distinctly separate.

As summarized above, autophagy mediates the secretion of proteins through conventional, unconventional, and regulated secretion, which originate at the TASCC (in close proximity of the Golgi), the omegasome and the lysosome, respectively ([Fig. 3](#fig03){ref-type="fig"}). Potentially, Aβ-containing autophagosomes originating from the omegasome (which fuses with endosomes/MVBs to form amphisomes) could deliver Aβ to the PM for extracellular release, similar to the secretory pathway of Acb1 \[[@b46]\]. However, Acb1 is a cytoplasmic protein, while Aβ is membrane bound. If such a scenario occurs, APP, contained within the autophagosomal membrane, could be processed to Aβ within the autophagosome, which indeed contains β-cleaved APP-CTF and the Aβ cleaving enzyme PS1 \[[@b60]\]. By analogy with the autophagy-dependent translocation of CFTR from ER to PM \[[@b50]\], APP could be recruited directly from the ER or the Golgi along with the membrane for the autophagosome and Aβ generated within autophagosomes and secreted at the PM. Alternatively, autophagy may control the secretion of Aβ generated from endocytozed PM-located APP that is processed within endosomes, and released from amphisomes at the PM. Secretion through amphisomes involves the release of exosomes and, indeed, Aβ-containing exosomes have been experimentally verified \[[@b80], [@b81]\]. The observation of endosomal accumulation of Aβ in the AD brain is in agreement with this hypothesized pathway.

![Schematic overview of potential autophagy-mediated Aβ-secretory routes. Compartments/organelles in the cell that could be part of autophagy-mediated delivery of Aβ to the extracellular space include the Golgi apparatus, endosome/MVBs, lysosome, and the autophagosome, all known to harbor Aβ. The endoplasmatic reticulum may contribute to the autophagosomal membrane. It remains to be resolved through which pathway autophagy mediates Aβ secretion. MVB, multivesicular body; Ω, omegasome; TASCC, TOR-autophagy spatial coupling compartment.](bies0036-0570-f3){#fig03}

On the other hand, lysosomes, or possibly secretory lysosomes, contain substantial amounts of Aβ, which could potentially be released to the extracellular space by autophagy-mediated mechanisms similar to the regulated secretion of a number of proteins (as described above). Increased amounts of lysosomal Aβ have also been observed upon autophagy induction or inhibition of secretion \[[@b69], [@b82]\]. Further support for Aβ secretion from lysosomes comes from a recent study where the loss of the lysosomal sialidase NEU1 both increases the processing of over-sialylated APP and enhances Aβ exocytosis from lysosomes \[[@b83]\]. Taken together, there are several potential intersections of autophagy and Aβ generation that could lead to the secretion of Aβ ([Fig. 3](#fig03){ref-type="fig"}). More research is warranted to elucidate the mechanisms underlying autophagy-mediated secretion of Aβ, including the origin of the Aβ-secretory autophagosome, and the site of Aβ generation for autophagy-mediated secretion (Golgi vs. endosomal vs. autophagosomal). Furthermore, it needs to be clarified whether other cellular compartments are involved in the pathway (secretory vesicles, endosome/MVBs, and lysosome) and if the delivery is a regulated process or a consequence of disposal of cellular waste by an excretory mechanism.

Aβ accelerates autophagy-deficiency-induced neurodegeneration
-------------------------------------------------------------

Massive neurodegeneration and cell death occurs in the AD brain, which leads to up to 10% loss of the total brain weight. However, mechanistic insights into the neuronal loss and how it is linked to Aβ and tau are limited. Autophagy may be involved in this process because autophagy is impaired in AD and lack of autophagy in the mouse brain causes neurodegeneration \[[@b33], [@b34]\]. Similarly, several other neurodegenerative diseases such as ALS and Parkinson\'s disease exhibit neuronal cell death linked to autophagosomal-lysosomal impairments \[[@b27], [@b84]\]. We found that the autophagy-deficient APP mice exhibited enhanced neurodegeneration compared to autophagy-deficient mice without Aβ amyloidosis, which indicates that Aβ exacerbates the degeneration caused by impaired autophagy \[[@b15]\]. The enhanced neurodegeneration was coupled to increased caspase 3 activation, which indicates an onset of apoptosis, seemingly independent of tau. Interestingly, a recent report showed that unconventional secretion from endothelial cells is regulated by caspase 3 \[[@b85]\]. Thus, it is possible that the enhanced accumulation of cleaved caspase 3 in the autophagy-deficient APP mice may be associated with the secretory impairment to some extent. This finding indicates a possible link between impaired secretion and apoptosis, although further investigations are warranted to establish such connection. Moreover, decreased secretion of Aβ has been observed over time in cultured primary neurons derived from AD model mice, leading to intracellular Aβ accumulation \[[@b86]\]. The accumulation of intracellular Aβ is, along with other molecules such as ROS, toxic to lysosomes and mitochondria and can induce cell death by lysosomal membrane permeabilization and subsequent release of cathepsins \[[@b69], [@b87]--[@b91]\]. Aβ interacts with cyclofilin D \[[@b92]\], which causes mitochondrial swelling and permeability transition while the interaction of Aβ with Aβ-binding alcohol dehydrogenase induces apoptosis \[[@b93]\]. Thus, it is possible that impaired autophagy inhibits the secretion of Aβ, which leads to intracellular Aβ accumulation that induces neurodegeneration potentially including lysosomal cell death. Simultaneously, endocytozed Aβ inhibits autophagy, which then may initiate a vicious cycle \[[@b65]\]. The association of intracellular Aβ with neurodegeneration could therefore play a pivotal role in the neurodegeneration observed in AD. However, further research is needed to establish such a connection and resolve the question of the relative toxicity of intracellular versus extracellular Aβ.

Conclusions and outlook
=======================

Autophagy is dysregulated in AD, plays a central role in Aβ metabolism and therefore potentially contributes to AD pathology. In addition to its well-established degradative role of Aβ, we found that autophagy also influences the secretion of Aβ. Therefore, the role of autophagy in Aβ metabolism is bi-functional.

Further mechanistic insights into how autophagy influences Aβ secretion and how the balance is obtained between Aβ degradation and Aβ secretion may increase the chances of developing a therapeutic AD drug involving autophagy. It is therefore important to elucidate the precise pathway of autophagy-mediated Aβ secretion. This includes identification of indispensible factors that initiate and participate in the autophagy-mediated Aβ secretion. Specifically, it is crucial to determine if Aβ, or even APP, is recruited to autophagosomes from any of the organelles/compartments known to harbor APP/Aβ including Golgi, MVBs/late endosomes, and lysosomes or if the delivery of Aβ to the extracellular space is a result of an exocytic activity that clears cellular waste. Since Aβ is mainly associated with membranes, elucidation of the membrane source of the autophagosome may give hints as to the origin of APP/Aβ. By meticulously tracing Aβ upon manipulation of autophagy by genetic or pharmacological means in vivo in AD mouse models that exhibit Aβ pathology, or in vitro in neuronal cells, it will be possible to identify proteins that are important for autophagy-mediated Aβ secretion. It is also necessary to determine to what extent autophagy-mediated Aβ secretion contributes to total Aβ secretion. This will in turn open up for the investigation of the drugability of autophagy in AD, taking into account the dual function of autophagy in Aβ metabolism; degradation and secretion. Augmenting autophagy could clear potentially toxic intracellular Aβ at the expense of increasing Aβ secretion. However, co-administration of an Aβ-lowering compound could be a complement to such treatment.
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